Conclusion Photoreceptor cell apoptosis is seen early after the retina is damaged by blue light.
It is well known that the retina can be damaged photochemically by visible light, U especially the short wavelengths in the visible spectrum. 3 Solar retinitis is mainly caused by a photochemical mechanism. 3 Light damage might also be a predisposing factor in age related macular degeneration. 4 , s Studies on JIANGMEI WU, STEFAN SEREGARD, BERIT SPANGBERG, MARGARETA OSKARSSON, ENPING CHEN animal models of retinitis pigmentosa suggest that minimising exposure to light may prolong useful vision of patients with certain subtypes of this disease. 6 , 7 The photoreceptor cell is a consistent target in various models of photic injury. The wounded cell is commonly described as a pyknotic change with rapid disappearance from the damaged retina. The retinal pigment epithelium is also affected in certain circumstances. 8 Two modes of cell death have been differentiated in terms of morphology and mechanism, that is, apoptosis and necrosis. Necrosis is characterised by passive cell swelling and lysis. Early disruption of membrane integrity and cytoplasmic leakage promotes an inflammatory response. In contrast, apoptosis is a genetically regulated process of cell death. It is characterised by cell shrinkage, chromatin condensation or margination, nuclear fragmentation, cytoplasmic condensation and protuberance with relatively preserved organelles. The affected cell shrinks or breaks into membrane bound apoptotic bodies that are recognised and phagocytosed by macrophages or neighbouring cells, or remain free in the absence of acute inflammation. Apoptosis usually involves scattered cells of the same tissue at different times. 9 , l O DNA of cells undergoing apoptosis is typically degraded into multiples of intemucleosomal fragments of lS0-200 base pairs that appear as a DNA ladder upon electrophoresis. ll The non-random cleavage of DNA, even if not a universal event, 12 is considered a hallmark of apoptosis. In addition, DNA breaks can be visualised in situ by terminal dUTP nick end labelling (TUNEL). This method enables a quantitation of the . 11
l' 13 process In a ce popu atlon.
Apoptosis plays an important role in the regulation of cell numbers to control tissue development and maintain tissue homeostasis. 9 Dysregulation of apoptosis has been reported in an increasing number of pathological conditions. 1 4 In the retina, apoptotic cell death is seen in postnatal development, axotomy, ischaemia, degenerative diseases and experimental retinal detachment. 1 5 -23 Apoptosis has also been shown in human retina of retinoblastoma, pathological myopia, age-related macular degeneration and traumatic retinal detachment. 2 4 -2 6 A pathological study of retina damaged by green light (490-580 nm) suggests that apoptosis also underlines photoreceptor cell death, irrespective of the concurrent existence of necrotic changes in the same model. 2 7 This morphological observation of apoptosis is further verified by biochemical evidence. 2 8 . 2 9 A genetical study also supports a role for apoptosis in white light induced retinal damage. 3 o Moreover, retinal pigment epithelium damaged by white light is shown to die of apotosis ? l Evidence is given that the damaging effect of visible light on the retina is more powerful towards the shorter wavelength across the visible spectrum ? 2 . 33 The discrepancy in morphological change in the retina after similar exposures to green (470-550 nm) and blue light (400-440 nm) indicates that the damage mechanisms involved might be different from each other. 33 Supplementation with ascorbate fails to protect the retina from blue light induced damage 3 4 but does rescue the retina exposed to green light. 3 5 The present study therefore aimed to explore cell death in blue light induced retinal damage.
Materials and methods

Light exposure
Female Sprague-Dawley rats were maintained in a 12:12 h light:dark cycle of 110 lux. They had free access to food and water. The rats, which weighed 170-180 g, were dark-adapted for 22 h and continuously exposed to the blue light for 3 or 6 h. Following light exposure, the rats were kept in darkness. The control rats went through all the experimental steps in darkness. Treatment of the animals was in conformity with the ARVO Statement on the Use of Animals in Ophthalmic and Vision Research.
The exposure device was composed of the light source and a rotating cage. 3 6 Light of 400-480 nm was emitted from 16 tubular low-pressure mercury-vapour fluorescent lamps (Philips, The Netherlands) that were mounted vertically round the cage. Each lamp was incorporated into a spectrum tube (Sierra Polymer, Sparks, NV) to filter out the possible emission of UV radiation. The exposure cage was driven by an electric motor to rotate about a horizontal axis at a speed of 0.25 rpm in order to keep the rats' eyes open during the exposure session. The mean irradiance inside the cage was 0.64 W /m 2 , which was measured at the onset and the end of each exposure. The variation of light irradiance was 14% in the exposure cage when it was stationary.
Electron microscopy
The rats were killed with an overdose of pentobarbital. The eyes were immediately enucleated and fixed in 4% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, overnight. The upper temporal retina was dissected and post-fixed in 1% osmium tetroxide. Following serial dehydration, the tissue was stained with 2% uranyl acetate, and embedded in Agar 100. Sections of 1 fLm thickness were stained with 1% toluidine blue and examined with a light microscope. Sections of 0.1 fLm from damaged retina were prepared for electron microscopy.
DNA fragmentation analysis by electrophoresis
The retina was dissociated, frozen rapidly in liquid nitrogen and stored at -80°C. Two retinas from each rat were pooled, ground to a fine powder with a blender and incubated in Buffer ATL and proteinase K using QIAmp Tissue kit (Qiagen, Valencia, CA) at 55°C overnight. The lysate was extracted twice with an equal volume of phenol:chloroform:isoamylalcohol (25:24:1) and precipitated in 0.01 M MgCh and 2 volumes of ice-cold ethanol at -20°C overnight. DNA was then washed in 70% ethanol, dried and resuspended. Five micrograms of DNA was loaded in a well of 1.7% agarose gel. Electrophoresis was run at 4-5 V / cm. DNA was stained with ethidium bromide, visualised under UV light and photographed with Polaroid 667.
TUNEL analysis
The enucleated eyes were marked and fixed in 4% neutral buffered formaldehyde for 20-22 h. The anterior segment was removed and the eye cup was oriented and embedded in paraffin by routine procedures. Sections of 4 fLm were cut in the sagittal plane, starting from a marked point that was located at the temporal side of the equator. Sections within the retinal lesion, lying 1.5 and 2.0 mm from the temporal mark, were selected for TUNEL staining.
TUNEL was performed using an ApopTag kit (Oncor, Gaithersburg, MD). Sections were deparaffinised and digested in 20 fLg/ml proteinase K. The sections were incubated stepwise in 2.0% H 2 0 2 , equilibration buffer, and terminal deoxynucleotidyl transferase (TDT) with digoxigenin-dUTP. The reaction was terminated with Stop/Wash buffer. The sections were then incubated with anti-digoxigenin peroxidase. Staining was developed in 3-amino-9-ethylcarbazole (AEC). The sections were counter-stained with Mayer's haematoxylin. The negative control from each block was run by substituting an equal volume of distilled water for TDT enzyme. Similarly processed retinoblastoma specimens from patients were used as positive controls.
The number of TUNEL-positive nuclei in the outer nuclear layer (ONL) was counted on the whole sections by means of a manual counter. The counting was carried out after slide labels had been masked. For each rat, the quantification was performed in either retina on two sections that were collected from an equivalent area as mentioned above.
Results
Electron microscopy
The pathological changes in the retina were examined immediately and 24 h after 3 or 6 h of light exposure. Degenerating cells appeared among seemingly-normal cells in the ONL. The inner nuclear layer and ganglion cell layer were spared. The nuclei of dying cells were usually shrunken and round in shape (Fig. 1A) . Chromatin condensation to various degrees in combination with nuclear convolution (Fig. 18) and nuclear fragmentation was shown in the affected nuclei. Cytoplasmic condensation was visible in some cells due to the scarcity of the cytoplasm in the ONL (Fig. 1B) . Occasionally, the apoptotic body formed was likely to be engulfed by and degraded within the Muller cell (Fig. 1C) . Additionally, the blue light caused condensation of the inner segment with mild swelling of the mitochondria. The outer segments were vesiculated and disrupted. The retinal pigment epithelium was abnormal with condensed and marginated chromatin. Macrophages infiltrated the damaged area of the inner and outer segments (Fig. 1D) . However, no inflammatory response was evident in sections subjected to inspection.
DNA fragmentation analysis
The retina specimens were acquired immediately, 16 and 24 h after cessation of the 6 h of light exposure. DNA was extracted and resolved by electrophoresis. The DNA ladder that coincided with the multiples of 180-200 base pairs was present at all time points (Fig. 2) , indicating the presence of internucleosomally cleaved DNA fragments. The intensity of the DNA ladder was highest at 16 h, and lowest at 24 h. No DNA ladder was present in the unexposed retina.
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TUNEL analysis
Two groups of the rats, 10 in each, were light-exposed for 3 or 6 h. Two rats of each group were killed immediately, 8, 16 and 24 h following light exposure. Two other rats served as an unexposed control. A number of TUNEL positive nuclei were scattered individually just after light exposure, mostly near the inner aspect of the ONL (Fig. 3B, F) . The staining was dense along the nuclear periphery, resulting in a nuclear-rim pattern. Long-term exposure produced a higher number of stained nuclei. Increased labelling was observed and reached a peak between 8 and 16 h after light exposure (Fig. 3C, D, G, H) . The labelled nuclei were sporadic or in small clusters during this period. The labelling was greatly reduced at 24 h following light exposure (Fig. 3E, I ). The TUNEL positive nuclei were predominantly situated in the upper region of the temporal retina in which a considerable loss of photoreceptor nuclei was exhibited during the post exposure period of 24 h. 3 4 The temporal pattern of TUNEL staining in the ONL is also illustrated quantitatively in Fig. 4 . The TUNEL labelling was detected only in the ONL. No TUNEL-positive nuclei were seen in unexposed retina (Fig. 3A) and negative control. 
Discussion
The present study explored retinal cell death induced in vivo by diffuse exposure to blue light at lower intensity. Albino rats were used in this experiment. The blue light triggered early photoreceptor cell death in a sporadic pattern. Cell death was characterised by chromatin condensation, nucleus shrinkage or convolution and fragmentation, and cytoplasm condensation. Apoptotic bodies were seen in the absence of inflammatory response. These morphological alterations are more consistent with the stereotyped features of apoptosis rather than necrosis. 9 ,10 Nonetheless, the apoptotic changes in the photoreceptor cell exhibited certain deviations from those of other cell types. 9 ,I O The chromatin of the photoreceptor cell was condensed to a compact, electron-dense body instead of undergoing aggregation and margination and being 'sharply delineated, finely granular masses of uniform texture , .10
However, the appearance of chromatin margination was infrequently visible in the apoptotic body undergOing degradation in the present study. Different cell types appear to have some discrepancies in the morphology of otherwise similar death pattems. 37 , 38 the pathological changes in the ONL caused by the blue light were comparable to the previous findings in which cell death is believed to follow an apoptotic pathway? 7 , 2 8 , 3 7 It has been mentioned that the quantitative evaluation of TUNEL staining is always underestimated, owing to the fact that apoptotic cells are removed rapidly from the tissue, 9 and yet it still illustrates a dynamic process of cell death induced by exogenous signals. Immediately following light exposure, 6 h of exposure caused more labelled photoreceptor nuclei than did 3 h of exposure, indicating a positive correlation of dose-response. However, the degenerative process did not halt after withdrawal of the light. The number of TUNEL-positive nuclei increased, peaking at 8-16 h after light exposure. The DNA laddering of multiples of 180-200 base pairs seen during this period supported an underlying mechanism of apoptosis. Although it is currently unclear whether the apoptotic cell death occurring in light-on and light-off periods is signalled by the same molecule(s), the delayed wave of cell death is more likely 
